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(54) Method of manufacturing SOI substrate 

(57) A method of manufacturing an SOI substrate 
uses an SOI substrate having a first single-crystal silicon 
layer an insulating layer formed on the first single-crys- 
tal silicon layer, and a second single-crystal silicon layer 
formed on the insulating layer. The surface of the sec- 
ond single-crystal silicon layer is thermally oxidized. The 



second single-crystal silicon layer is controlled to have 
a predetermined thickness by removing the thermally 
oxidized surface. This step of controlling the second sin- 
gle-crystal silicon layer to have a predetermined thick- 
ness includes the step of eliminating : by annealing, a 
stacking fault formed by the thermal oxidation. 
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Description 

Background of the Invention 

5 The present invention relates to a method of manufacturing an SOI substrate having a surface single-crystal silicon 

layer with a desired thickness. 

Various structures have been conventionally proposed as semiconductor integrated circuits, and it is known that 
forming various devices in a silicon layer on an insulating layer is more advantageous than forming devices on a single- 
crystal silicon substrate in terms of device characteristics and isolation between devices; i.e., a parasitic capacitance 

to can be reduced and devices can be completely isolated. From this viewpoint, methods of forming semiconductor in- 
tegrated circuits on an SOI (Silicon On Insulator) substrate instead of a single-crystal silicon substrate become popular 
recently. 

These SOI substrate manufacturing methods are roughly classified into a method of SIMOX (Separation by Im- 
planted OXygen) and a method using wafer bonding. 

1$ The method of manufacturing a SIMOX substrate will be described first. In this method, a heavily doped oxygen 

layer is formed by implanting oxygen ions to a predetermined depth of a single-crystal silicon substrate. Annealing is 
then performed at a high temperature of about 1 ,300°C for a few hours to change the heavily doped oxygen layer into 
an electric insulating buried oxide layer. Subsequently, the oxide layer formed on the silicon substrate surface during 
the annealing is removed to form a buried oxide layer midway along the direction of thickness of the silicon substrate. 

20 The obtained SOI substrate has a single-crystal silicon layer with a predetermined thickness formed on the buried 
oxide layer. 

The SOI substrate manufacturing method using wafer bonding will be described next. Note that the SOI substrate 
manufacturing method using wafer bonding includes two methods. 

The first SOI substrate manufacturing method is as follows. Two single-crystal silicon substrates are prepared, 
2S and one of the silicon substrates is oxidized to form an oxide layer on the surface. The other silicon substrate is over- 
lapped and bonded such that the oxide layer is sandwiched between the two substrates, thereby forming a structure 
consisting of an oxide layer, a first single-crystal silicon layer an oxide layer (buried oxide layer), and a second single- 
crystal silicon layer (substrate silicon) in this order from the substrate surface. 

Thereafter, the oxide layer is removed by polishing, and the first single-crystal silicon layer is polished to decrease 
30 its thickness, thereby forming a structure consisting of a surface single-crystal silicon layer, a buried oxide layer, and 
substrate silicon. 

It is also possible to additionally perform AcuThin™ process (1 993 IEEE SOI Conference Proc., 1 993, pp. 66 - 67) 
after the polishing. If this is the case, a structure consisting of a surface single -crystal silicon layer, a buried oxide layer, 
and a substrate silicon layer in this order from the substrate surface is formed. 
35 The second SOI substrate manufacturing method using wafer bonding will be described below. This manufacturing 

method does not use the polishing as described above (Japanese Patent LaidOpen No. 5-211128 and M. Bruel, 
Electronics Lett., 1995, Vol. 31, pp. 1201 - 1203). 

In the first stage of this method, hydrogen ions or ions of a rare gas are implanted into an oxidized single-crystal 
silicon substrate to form fine bubbles in the substrate. In the second stage, this substrate is tightly adhered to another 
40 single-crystal silicon substrate. In the third stage, the adhered substrates are heat-treated to separate into two sub- 
strates from the bubble portion, forming a structure consisting of a surface single-crystal silicon layer, a buried oxide 
layer and substrate silicon in this order from the substrate surface. 

SOI substrates are manufactured as described above. The single-crystal silicon layer formed on the oxide layer 
has an effect on the characteristics of a semiconductor device such as an LSI including MOS transistors formed in this 
45 region. Therefore, it is necessary to accurately determine the thickness of the single-crystal silicon layer. 

To accurately determine the thickness of the single-crystal silicon layer formed on the oxide layer, a method called 
sacrificial oxidation is proposed. In this sacrificial oxidation method, a surface single-crystal silicon layer having a 
thickness equal to a difference between a known surface single-crystal silicon layer thickness of an SOI substrate and 
a desired layer thickness in device design is changed into a thermal oxide layer by thermal oxidation, and then only 
50 this thermal oxide layer is removed. This sacrificial oxidation method is widely used since the method is superior in 
controllability and reproducibility. 

Unfortunately, the use of the sacrificial oxidation method is unpref erabte because of an increase in leakage current 
of a device formed in an SOI substrate, particularly leakage current between the source and drain of a MOS transistor. 

This will be explained more specifically with reference to Fig. 9. Fig. 9 shows a structure having an n-type MOS 
55 transistor formed in a surface single-crystal silicon layer of a SIMOX substrate. Referring to Fig. 9, a buried oxide layer 
2 is formed on substrate silicon 1, and a silicon semiconductor region having a source region 8, a drain region 9, and 
abody region 10 is formed on the buried oxide layer 2. This semiconductor region is surrounded by a device isolation 
region 3 consisting of such as a silicon oxide layer. A source electrode 16 is connected to the source region 8, and a 
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drain electrode 17 is connected to the drain region 9. A gate electrode 6 is formed on the body region 10 via a gate 
silicon oxide layer 5, and a silicon oxide layer 7 and a Phosphorous Silicate Glass film 15 are formed on the gate 
electrode 6. In this structure, the source electrode 16 is grounded, the drain electrode 17 is connected to a positive 
power supply, and a positive bias is applied to the gate electrode 6. 
s An n-type MOS transistor with the above construction is fabricated as follows. A surface smgleoystal sil.con layer 

on a SIMOX substrate is changed into a thermal oxide layer to a depth of 1 32 nm from the surface by using the sacrif .eel 
oxidation method. Thereafter, this thermal oxide layer is removed, and transistors including an n-type MOS trans.stor 
are formed in the residual 50-nm thick surface single^rystal silicon layer. Note that the gate length of this MOS trans.stor 
formed in this example is 0.25 urn, and the transistor is designed so that normally^ electrical characteristics are 
obtained ^ ^ ^ ^ ^ Q{ an ls| dev . ce tormed ^ gn SQl subslrate by the sacrificial oxidation method 

readily increases. For example, when the gate length of MOS transistors constituting an LSI dev.ce is about 0.5 urn 
or less, a leakage current (to be referred to as an S/D leakage current hereinafter) particularly between the source and 
drain easily increases. Consequently, a standby current of the LSI device also increases. 
is Figs 10A and 10B show the drain current-drain voltage characteristics of an n-type MOS transistor set (a dev.ce 

in which about 20.000 MOS transistors were connected parallel to each other) according to Fig. 9 fabricated in a surface 
sinqle-crystal silicon layer of a SIMOX substrate. 

Fig 10A shows the drain current^irain voltage characteristics when a large S/D leakage current was generated^ 
Fig. 10B shows the drain currenKirain voltage characteristics in a normal case. Note that sacrificial oxidation .n each 
20 of Fiqs. 1 0A and 1 0B was performed at 1,1 50° C. 

Comparing the characteristics shown in Figs. 1 0A and 10B when gate voltage V G = 0 (V) shows thai a larger drain 
current than in Fig. 10B flows in Fig. 1 0A. That is, this type of the SIMOX substrate cannot be applied to a low-power LSI. 



Summary of the Invention 
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It is therefore, a principal object of the present invention to provide an SOI substrate manufacturing method capable 
of suppressing a leakage current between the source and drain of a MOS transistor formed on an SOI substrate. 

It is another object of the present invention to provide an SOI substrate manufacturing method capable of removing 
stacking faults formed in an SOI substrate. 
30 To achieve the above objects, the present inventors have found that an S/D leakage current generated when a 

MOS transistor is formed on an SOI substrate is caused by a stacking fault produced when a single<:rystal sil.con layer 
is formed to have a predetermined thickness on an insulating film in the SOI substrate. tm . . 

A stacking fault described above will be explained in detail with reference to Figs. 6A and 6B. A MOS trans.stor 
shown in Figs 6A and 6B is formed in a surface single^rystal silicon layer with a predetermined th.ckness formed on 
35 an insulating film, i.e., in a surface single^rystal silicon layer formed by controlling the thickness of the surface smgle- 
crvstal silicon layer by the sacrificial oxidation method. 

Fig 6A shows a plain view of a MOS transistor wrth a gate length of 0.25 urn Fig. 6B shows only a reg.on where 
a stacking fault is produced (where an S/D leakage current is generated) in a section taken along a line A - A in Fig. 
6A. Fig. 6B was obtained by a transmission electron microscope, and a liquid crystal method (Liqu.d Crystal Analysis, 
40 'Hiatt, IRPS, 1981 , pp. 1 30 - 1 33") was used to pinpoint the stacking fault. 

As is apparent from Fig. 6B, a stacking fault 18 at a region where an S/D leakage current is generated is .dearly 
shown in abody region 10. Referring to Fig. 6A, this stacking fault 1 8 (indicated by the broken lines) extends through 
the body region 10 from a source 8 to a drain 9. When the distance between the source 8 and the drain 9 is shortened 
by decreasing the gate length, the probability of the stacking fault 18 penetrating the body region 1 0 .ncreases 
45 Also when the distance between the source 8 and the drain 9 is shortened, heavily doped impunt.es (phosphorus 

or arsenic in an n-type MOS transistor and boron in a p-type transistor) present in the source 8 and the dra.n 9 eas. y 
interdiffuse via the stacking fault 18. That is, it is considered that the stacking fault 18 forms a low-res.stance path 
extending in the body 1 0 from the source 8 and the drain 9, and this causes an S/D leakage current. 

On the basis of the above analysis, the present invention prevents the generation of an S/D leakage current on 
so the basis of the fact that a stacking fault produced in the sacrificial oxidation step used to control a surface s.ngle- 
crystal silicon layer of an SOI substrate to have a predetermined thickness is the cause of an S/D leakage current of 
a MOS transistor formed in the surface single-crystal silicon layer. 

The mechanism of this stacking fault generation is considered as follows. That is, during the course of thermal 
oxidation i e , sacrificial oxidation, if the thermal oxide layer is formed in the direction of thickness of a surface s.ngle- 
55 crystal silicon layer, excess silicon atoms are produced when the oxide layer is formed. This excess silicon atoms enter 
and settle in a comparatively stable place in the singe^rystal silicon to produce a stacking fault. 

The process of this crystal defect generation will be described in more detail below. In order for stack.ng faults to 
be produced, it is necessary that: 
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(A) fine generation nuclei be present in single-crystal silicon or on its surface; 

(B) excess interstitial silicon atoms be present in single-crystal silicon, and the number of these interstitial atoms 
be sufficient to be captured by the fine generation nuclei in (A); and 

(C) the interstitial silicon atoms be captured by the generation nuclei to thereby make the system thermochemically 
5 stable. 

Also, in order for the stacking faults not to disappear, it is necessary that: 
(D) the interstitial silicon atoms be thermochemically stably captured by the generation nuclei or the stacking 

faults. 

io in consideration of the above conditions, the present inventors have invented a method which creates an environ- 

ment in which no stacking faults are produced in a surface single-crystal silicon layer formed on an oxide layer, thereby 
preventing the generation of an S/D leakage current of a MOS transistor formed in the surface single-crystal silicon layer. 

According to one aspect of the present invention, therefore, there is provided a method of manufacturing an SOI 
substrate, comprising the steps of using an SOI substrate having a first single-crystal silicon layer, an insulating layer 

is formed on the first single-crystal silicon layer, and a second single-crystal silicon layer formed on the insulating layer, 
thermally oxidizing a surface of the second single-crystal silicon layer, and controlling the second single-crystal silicon 
layer to have a predetermined thickness by removing the thermally oxidized surface, wherein the step of controlling 
the second single-crystal silicon layer to have a predetermined thickness comprises the step of eliminating, by anneal- 
ing, stacking faults formed by the thermal oxidation. 

20 The present invention will be described in detail below with reference to the accompanying drawings. 

Brief Description of the Drawings 

Figs. 1 A to 1 D are partial sectional views of an SOI substrate showing processing steps according to one embod- 
25 iment of the present invention; 

Figs. 2A to 2C are partial sectional views of an SOI substrate showing processing steps according to another 
embodiment of the present invention; 

Figs. 3A to 3D are partial sectional views of an SOI substrate showing processing steps according to still another 
embodiment of the present invention; 
30 Figs. 4A to 4D are partial sectional views of an SOI substrate showing processing steps according to still another 

embodiment of the present invention; 

Figs. 5A to 5D are partial sectional views of an SOI substrate showing processing steps according to still another 
embodiment of the present invention; 
^Fig. 6A is a view for explaining a planar structure of a MOS transistor with a gate length of 0.25 ujti, and Fig. 6B 
35 is a partial sectional view of a region where a stacking fault is formed taken along a line A - A in Fig. 6A; 

Fig. 7 is a graph in which the value of an S/D leakage current of a device is plotted on the abscissa and the ratio 
of devices indicating current values smaller than this S/D leakage current value is plotted on the ordinate, when 
drain current V D = 2 V and gate voltage V G = -0.5 V ; 

Figs. 8A to 8C are views for explaining a MOS transistor set as examples of in-plane distributions in SOI substrates; 
40 Fig. 9 is a sectional view showing the structure of an n-type MOS transistor fabricated in a surface single-crystal 

silicon substrate of a SIMOX substrate; and 

Figs. 10A and 10B are graphs showing the drain current-drain voltage characteristics of n-type MOS transistor 
sets fabricated in a surface single-crystal silicon substrate of a SIMOX substrate. 



Description of the Preferred Embodiments 



Figs. 1 A to 1 D to Figs. 5A to 5D show embodiments of a method of manufacturing an SOI substrate according to 
the present invention. 

First, the manufacturing method shown in Figs. 1 A to 1D will be described below. 

In Fig. 1 A, an SOI substrate S having substrate silicon 1 as a base, a buried oxide layer 2, and a surface single- 
crystal silicon layer 4 is formed by a known SIMOX or wafer bonding technique. 

In Fig. 1B, this SOI substrate S is subjected to sacrificial oxidation, various known methods can be used as this 
sacrificial oxidation method. For example, the sacrificial oxidation is performed in an atmosphere containing dry oxygen 
as a main constituent at a temperature lower than 1 ,230°C, or an atmosphere containing water vapor as a main con- 
stituent at a temperature lower than 1 ,300°C in an oxidation furnace. Alternatively, the sacrificial oxidation is performed 
by burning oxygen and hydrogen in an oxidation furnace at a temperature lower than 1,300°C (to be referred to as 
pyrogenic oxidation hereinafter). 

By the above sacrificial oxidation, a portion of the surface single-crystal silicon layer 4 is thermally oxidized to form 
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a surface thermal oxide layer 11 . The thickness of this surface oxide layer 11 is controlled so that the » th^s of the 
remaining surface single-crystal silicon layer 4 has a desired value. This control can be 

high accuracy by the use of current technologies. Note that the substrate silicon 1 is also partial* ox.d teed to .form a 
surface thermal oxide layer 12 by this sacrificial oxidation. However, this portion has no connect.cn with the present 

' nV< Tn Fiq 1 C annealing as a high-temperature heat treatment is performed in an atmosphere containing an inert gas 
asamai Constituent at a temperature of 1230°C to a temperature lower than the melting P oint °' silic ° n ^^^ 
characterizes the present invention. That is, the annealing is performed at the temperature descr.bed above so that 
interstitial silicon atoms are thermochemically hardened to be kept captured by stack.ng faults or stacking fault pro- 
d S nuclei. Consequently, stacking faults produced in the surface single-crystal silicon layer by the sac ntoa oxi- 
dation disappear. Note that the annealing temperature can also be changed during the treatment as long as the tem- 

Pera rRgND,Th?surtace h thermal oxide layers 11 and 12 are removed. Thereafter, MOS transistors or LSI devices 
including MOS transistors are fabricated in this SOI substrate. Note that the fabrication of the MOS transistors or the 
LSI devices is done by using, e.g.. a method disclosed in the following reference (Ohno et al., IEEE Trans. Electron 
Devices, 1995, vol. 42, pp. 1481 - 1486). 

The manufacturing method shown in Figs. 2A to 2C will be described below. 

In Fig. 2A, as in the step shown in Fig. 1 A, an SOI substrate S having substrate silicon 1 , a buned oxide layer 2, 
and a surface single-crystal silicon layer 4 is formed by SIMOX or wafer bonding. 

A portion shown in Fig. 2B characterizes the present invention and shows a step of performing sacr.ftaal ox.dat.on 
for the SOI substrate S. This sacrificial oxidation step is performed in an atmosphere containing dry oxygen as a main 
constituent within a temperature range from a high temperature of 1 ,230°C or more, at which interstitial «^*™ 
produced in the sacrificial oxidation step are thermochemically hardened to be captured by stack.ng fault product.on 
nuclei to a temperature lower than the melting point of silicon, or in an atmosphere containing water vapor as a main 
constituent within a temperature range from 1 ,300°C or more, at which interstitial silicon atoms produced in the sac n- 
ficial oxidation step are thermochemically hardened to be captured by stackingf ault production nuclei. ^•mponftm 
lower than the silicon melting point. Alternatively, the sacrificial oxidation step ,s accomplished byi P^rm.ng W"9£C 
oxidation within a temperature range from 1 ,300'C or more, at which interstitial silicon atoms produced in the sacnf ca. 
oxidation step are thermochemically hardened to be captured by stacking fault production nuclei to ^emperature 
lower than the si.fcon melting point. Consequently, the surface single-crystal silicon layer 4 ,s partially ox,d.zed to form 
a surface thermal oxide layer 11. Note that the substrate silicon 1 is also partially oxidized to form a surface thermal 
oxide layer 12 by this sacrificial oxidation. However, this portion has no connection wrth the present invention. 

Note also that when a SIMOX substrate is used as an SOI substrate, an oxide layer formed during annealing .s 
sometimes already formed on the surface of the substrate. If this is the case, the step shown in Fig. 2B can also be 
performed without removing this oxide layer. .,,.■„„,„ 
The thickness of the surface thermal oxide layer 11 is controlled so that the thickness of the residual surface s.ngle- 

rn/stal silicon laver 4 has a desired value. , , 

crys a. si^aye ^ ^ ^ ^ ^ MQS Qr LS devices 

are fabricated in this substrate. The fabrication of the MOS transistors or the LSI devices is done following the same 
procedure as in the manufacturing method shown in Figs. 1Ato 1D. 

The manufacturing method shown in Figs. 3A to 3D will be described below. 

In Fig. 3A, as in the step shown in Fig. 1 A. an SOI substrate having substrate silicon 1 , a buried oxide layer 2. and 
a surface single-crystal silicon layer 4 is formed by SIMOX or wafer bonding. . .. nr 

Fig 3B is a portion characterizing the present invention. That is, annealing as a heat treatment is Performed for 
the SOI substrate S in an atmosphere containing hydrogen as a main constituent within a temperature range ^ from 
1 000'C or more to a temperature lower than the melting point of silicon. This annealing decreases the number of fine 
stacking fault generation nuclei present in the single-crystal silicon or on its surface . ,. an 

In Fig 3C sacrificial oxidation for the surface single-crystal silicon layer 4 of the SOI substrate is performed in an 
atmosphere containing oxygen or water vapor as a main constituent or by pyrogens oxidation. 

Consequently, the surface single-crystal silicon layer 4 is partially oxidized to form a surface thermal oxide teye 
1 1 . The thickness of this oxide layer is controlled so that the thickness of the residual surface s ' n 9 le f^ sta ' s ^°" ^ 
4 has a desired value Note that the substrate silicon 1 is also partially oxidized to form a surface thermal oxide layer 
1 2 by this sacrificial oxidation. However, this portion has no connection with the present invention 

In Fig 3D, the surface thermal oxide layers 11 and 12 are removed. Thereafter, MOS transfers or LS devices 
are fabricated in this substrate. The fabrication of the MOS transistors or the LSI devices is done following the same 
procedure as in the manufacturing method shown in Figs. 1 A to 1 D. nmta : ninn H ™ 

The sacrificial oxidation step shown in Fig. 3C is more effectively performed in an atmosphere conta.n.ng dry 
oxygen as a main constituent at a temperature lower than 1,230'C. or an atmosphere conta.n.ng water vapor as a 
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main constituent at a temperature lower than 1 , 300°C, or by performing pyrogenic oxidation using oxygen and hydrogen 
at a temperature lower than 1 ,300°C in an oxidation furnace. Also, as is apparent from the manufacturing method 
shown in Figs. 2A to 2C, the sacrificial oxidation step in Fig. 3C can be performed in an atmosphere containing oxygen 
as a main constituent within a temperature range from 1 ,230°C or more to a temperature lower than the silicon melting 
5 point or an atmosphere containing water vapor as a main constituent within a temperature range from 1 ,300°C or more 
to a temperature lower than the silicon melting point, or by performing pyrogenic oxidation within a temperature range 
from 1,300°C or more to a temperature lower than the silicon melting point. 

The manufacturing method shown in Figs. 4A to 4D will be described below. 

In Fig. 4A, as in the step shown in Fig. 1 A, an SOI substrate having substrate silicon 1, a buried oxide layer 2, and 
io a surface single-crystal silicon layer 4 is formed by SIMOX or wafer bonding. 

Figs. 4B and 4C are portions characterizing the present invention. That is, in Fig. 4B, first sacrificial oxidation is 
performed for the SOI substrate. This first sacrificial oxidation is performed in an atmosphere containing oxygen as a 
main constituent within a temperature range from 1,230°C or more to a temperature lower than the melting point of 
silicon or an atmosphere containing water vapor as a main constituent within a temperature range from 1,300°C or 
is more to a temperature lower than the silicon melting point, or by performing pyrogenic oxidation within a temperature 
range from 1,300°C or more to a temperature lower than the silicon melting point. Consequently, the surface single- 
crystal silicon layer 4 is partially oxidized to form a surface thermal oxide layer 11. This first sacrificial oxidation is 
performed in a high-temperature region in which interstitial silicon atoms produced in the sacrificial oxidation step are 
thermochemically hardened to be captured by stacking fault production nuclei. Note that the substrate silicon t is also 
20 partially oxidized to form a surface thermal oxide layer 12 by this sacrificial oxidation. However, this portion has no 
connection with the present invention. 

It is also possible to perform the first sacrificial oxidation in an atmosphere containing oxygen as a main constituent 
at a temperature lower than 1 ,230° C, or an atmosphere containing water vapor as a main constituent at a temperature 
lower than 1,300°C, or by performing pyrogenic oxidation at a temperature lower than 1,300°C and subsequently 
zs performing annealing as a high -temperature heat treatment in an atmosphere containing an inert gas as a main con- 
stituent within a temperature range from 1 ,230°C or more to a temperature lower than the melting point of silicon. The 
annealing temperature can be changed during the treatment as long as the temperature is 1,230°C or higher. The 
purpose of this annealing is to set a high temperature at which interstitial silicon atoms are thermochemically hardened 
to be kept captured by stacking faults or stacking fault production nuclei, and thereby eliminate stacking faults formed 
30 in the surface single-crystal silicon layer by the sacrificial oxidation. 

In Fig. 4C. second sacrificial oxidation for the surface single-crystal silicon layer 4 is performed in an atmosphere 
containing oxygen as a main constituent at a temperature lower than 1,230°C, or an atmosphere containing water 
vapor as a main constituent at a temperature lower than 1 ,300°C, or by performing pyrogenic oxidation at a temperature 
lower than 1 ,300°C. As a consequence, the rate of the second sacrificial oxidation becomes lower than the rate of the 
35 first sacrificial oxidation. This decreases the number of interstitial silicon atoms released in the surface single-crystal 
silicon layer 4 per unit time during the second sacrificial oxidation, and prevents the occurrence of stacking faults. 

As described above, the second sacrificial oxidation is performed subsequently to the first sacrificial oxidation to 
further partially oxidize the surface single-crystal silicon layer 4. Consequently, the thickness of the surface thermal 
oxide layer 11 can be increased. The total thickness of this surface oxide layer is controlled so that the thickness of 
40 the residual surface single-crystal silicon layer 4 has a desired value. 

In Fig. 4D, the surlace thermal oxide layers 11 and 12 are removed. Thereafter, transistors or LSI devices are 
fabricated in the SOI substrate. The fabrication of the transistors or the LSI devices is done following the same procedure 
as in the manufacturing method shown in Figs. 1 A to 1 D. 

As is apparent from the manufacturing method shown in Figs. 2A to 2C, the second sacrificial oxidation can also 
45 be performed in an atmosphere containing oxygen as a main constituent within a temperature range from 1 ,230°C or 
more to a temperature lower than the silicon melting point or an atmosphere containing water vapor as a main constit- 
uent within a temperature range from 1,300°C or more to a temperature lower than the silicon melting point, or by 
performing pyrogenic oxidation within a temperature range from 1,300°C or more to a temperature lower than the 
silicon melting point. 

^0 The manufacturing method shown in Figs. 5A to 5D will be described below. 

In Fig. 5A, as in the step shown in Fig. 1 A, an SOI substrate having substrate silicon 1 , a buried oxide layer 2, and 
a surface single-crystal silicon layer 4 is formed by SIMOX or wafer bonding. 

In Fig. 5 B : a silicon oxide layer is deposited on this SOI substrate by chemical vapor deposition, forming a silicon 
oxide layer 1 3. 

55 In Fig. 5C, sacrificial oxidation for the surface single-crystal silicon layer 4 is performed in an atmosphere containing 

oxygen as a main constituent at a temperature lower than 1,230°C, or an atmosphere containing water vapor as a 
main constituent at a temperature lower than 1 : 300°C, or by performing pyrogenic oxidation at a temperature lower 
than 1,300°C. As a consequence, it is possible to decrease the number of interstitial silicon atoms released in the 
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surface single^rystal silicon layer 4 per unit time during the sacrificial oxidation, and prevent the occurrence ol Istacking 
faults. Note that the substrate silicon 1 is also partially oxidized to form a surface thermal ox.de layer 1 2 by th.s sacrrficial 
oxidation. However, this portion has no connection with the present invention. ™^, awor 
Consequently, the surface single-crysta. silicon layer 4 is partially oxidized, the thickness of 

5 1 3 on the surface of the SOI substrate is increased, the thickness of the res.dual surface smgleoystal silicon layer 4 
is set to a desired value, and a silicon oxide layer 14 is formed. 

In Fiq 5D the surface thermal oxide layer 12 and the silicon oxide layer 14 are removed. Thereafter MOS tran- 
sistors or LSI devices are labricated in the SOI substrate. The fabrication of the MOS transistors or the LSI devices .s 
done followinq the same procedure as in the manufacturing method shown in Figs. 1A to 1D. 

,o Asteapparent from L manufacturing method shown in Figs. 2A to 2C. the sacrificial oxidation car .also be per- 

formed in an atmosphere containing oxygen as a main constituent within a temperature range from 1^230 C or more 
to a temperature lower than the silicon melting point or an atmosphere containing water vapor as a main constituent 
within a temperature range from 1 ,300°C or more to a temperature lower than the silicon melting point or by performing 
Erogenic oxidation withSn a temperature range from 1 ,300°C or more to a temperature lower than the silicon melting 

15 point. 

[Examples] 

Experimental examples using the manufacturing methods shown in Figs. 1 A to 1 D, 2A to 2C, 3A to 3D, 4A to 4D, 
20 and 5A to 5D will be described below. 

[Experimental example using the manufacturing method shown in Figs. 1 Alo 1D] 

(1) SOI substrate manufacturing step: SIMOX substrates of 150 mm in diameter were used. Oxygen ions > were 
implanted into a sing.e-crysfa. silicon substrate at a dose of 4 x 10" cm* and "f^*^^ 1 ! 0 ^ 
Thereafter, annealing was performed at 1 ,350°C for about 4 hr in an atmosphere formed by adding about OS A of 
oxygen to argon, thereby forming a buried oxide layer 2. Furthermore, the oxide layer formed on the substrate 
surface during the annealing was removed to realize a structure having a surface single^rystal silicon layer 4, the 
buried oxide layer 2, and substrate silicon 1 in this order from the substrate surface. 

(2) Sacrificial oxidation step: The SOI substrates were loaded into a vertica. electric furnace as an 
at 750°C The temperature in the furnace including the SOI substrates was raised to 1 ,1 50'C and the substrates 
were oxidized in a 100% oxygen atmosphere. Note that the loading and the heating were performed in a nitrogen 
atmosphere containing 10% of oxygen. Afterthe oxidation, a 100% nitrogen atmosphere was formed in t^mace 
the temperature was lowered to 750°C, and the substrates were removed from the furnace. The film thickness of 
surface thermal oxide layers 11 and 12 was 237 nm, and the film thickness of the res.dual surface single-crystal 

silicon layer 4 was 62 nm. , . , . . 

(3) High-temperature annealing step: A vertical electric furnace having a silicon carb.de susceptor and a urnace 
body was used to anneal the substrates at 1 ,350°C for about 4 hr in an argon atmosphere conta.nmg about 0.5 /o 
of oxvaen The substrates were loaded and unloaded at 850°C. 

(4) Oxide layer removal step: The surface thermal oxide layers 11 and 1 2 were removed by using a solution mixture 
of ammonium fluoride and hydrofluoric acid or a dilute solution of hydrofluoric acid. transis tors 

The electrical characteristics of a MOS transistor set (a device in which approximately 20,000 MOS transistors 
were connected parallel to each other) formed in the SOI substrate heat-treated as above were ^fo lows_ 

(5) S/D leakage current: Fig. 8A shows an example of the in-plane distribution, in an SOI substrate, of MOS ; tran 
sister sets having norma, drain current-drain voltage characteristics according to tn e prcsent ^ve t .Jn F.j 8A 
•o- indicates a MOS transistor set showing the normal drain currentOra.n voltage charactenst.es. "x indicates a 
MOS transistor set which generated an abnormally large S/D leakage current. 

Fig 8B shows an example of the in-plane distribution, in an SOI substrate, of MOS transistor sets having 
normal drain currenWrain voltage characteristics when only the high-temperature annealing was not performed 
so m step (3). The symbols in Fig- 8B have the same meanings as in Fig. 8A. . ^ 

Comparing Fig. 8A with Fig. 8B reveals that the number of normal MOS transistor sets ,n Fig. 8A is much 
larger than that in Fig. SB. That is. when the present invention is applied as a heat treatment method of control ling 
thef-lm thickness of the surface single-crystal silicon Iayer4.it is possible to greatly reduce the S/D leakage current 
and improve the yield of devices. • al . . . 

55 Fiq 7 shows a graph in which the S/D leakage current value of the devices fabricated .n th.s example is plotted 

on the abscissa and the ratio of devices indicating smaller current values than this S/D leakage current vaUie is 
plotted on the ordinate, when drain voltage V D= 2V and gate voltage V G = -0.5 V As 

ratio of devices indicating abnormally large S/D leakage currents in this example (a) (indicated by the broken line) 
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is much smaller than that of devices (indicated by the solid line) fabricated by a conventional heat treatment method. 
(6) Stacking faults: The presence/absence of stacking faults in the surface single-crystal silicon layer 4 of the SOI 
substrates manufactured by the manufacturing steps shown in Figs. 1A to 1D was evaluated by the following 
procedure, thereby confirming that stacking faults were completely removed from the surface single-crystal silicon 
layer 4. That is, after the oxide layers were removed in step (4), an epitaxial silicon layer of about 1 |im thick was 
grown at 1, 050*0 on the surface single-crystal silicon layer by using a chemical-vapor-deposition furnace. There- 
after, the surface single-crystal silicon layer was partially etched (the etched film thickness was about 0.5 ujti) by 
using a chemical etching solutbn consisting of hydrofluoric acid : nitric acid : acetic acid : deionized water at a 
volume ratio of 2 : 15 : 2 : 4, and the density of stacking faults was measured. The measurement was done by 
using an optical microscope. 

Consequently, no etch pits (if a stacking fault exists, an etch pit is formed in that region) resulting from stacking 
faults were observed. That is, it was confirmed, as described above, that stacking faults completely disappeared in the 
surface single -crystal silicon layer 4. The stacking fault density was similarly evaluated for an SOI substrate manufac- 
tured by the same manufacturing steps as above except that the high -temperature annealing in step (3) was not per- 
formed. Consequently, stacking faults existed at a high density of 600 to 1 ,000 faults/cm 2 . 

[Experimental example using the manufacturing method shown in Figs. 2A to 2C] 

(1) SOI substrate manufacturing step: SIMOX substrates manufactured following the same procedure as in the 
experimental example using the manufacturing steps of the manufacturing method shown in Figs. 1 A to 1 D were 
used. 

(2) Sacrificial oxidation step: A vertical electric furnace having a silicon carbide susceptor and a furnace body was 
used, and the SOI substrates were loaded into this oxidation furnace at 850°C. The temperature in the furnace 
including the SOI substrates was raised to 1 : 350°C, and the substrates were oxidized in an atmosphere containing 
about 70% of oxygen and about 30% of argon and subsequently in a 1 00% oxygen atmosphere for a total of about 
6 hr. After the oxidation, the temperature in the furnace was lowered to 850° C, and the substrates were removed 
from the furnace. The film thickness of surface thermal oxide layers 11 and 1 2 was 640 nm, and the film thickness 
of a residual surface single-crystal silicon layer 4 was 62 nm. 

(3) Oxide layer removal step: The surface thermal oxide layers 11 and 12 were removed by using a solution mixture 
of ammonium fluoride and hydrofluoric acid or a dilute solution of hydrofluoric acid. 

The electrical characteristics of a MOS transistor set (a device in which approximately 20,000 MOS transistors 
were connected parallel to each other) formed in the SOI substrate heat-treated as above were as follows. 

(4) S/D leakage current: Fig. 8C shows an example of the in-plane distribution, in an SOI substrate, of MOS tran- 
sistor sets having normal drain current-drain voltage characteristics according to the present invention. The sym- 
bols in Fig. 8C have the same meanings as in Fig. 8 A. 

Comparing Fig. 8C with Fig. 8B reveals that the number of normal MOS transistor sets in Fig. 8C is much 
larger than that in Fig. 8B. That is, when the present invention is applied as a heat treatment method of controlling 
the film thickness of the surface single-crystal silicon layer 4 : it is possible to greatly reduce the S/D leakage current 
and improve the yield of devices. 

Also, as is apparent from Fig. 7, the ratio of devices indicating abnormally large S/D leakage currents in this 
example (Figs. 2A to 2C; indicated by the alternate long and short dashed line) is much smaller than that of devices 
(indicated by the solid line) fabricated by a conventional heat treatment method. 

(5) Stacking faults: The presence/absence of stacking faults in the surface single-crystal silicon layer 4 of the SOI 
substrates manufactured by the manufacturing method shown in Figs. 2A to 2C was evaluated following the same 
procedure as in the experimental example using the manufacturing method shown in Figs. 1 A to 1 D. Consequently, 
it was confirmed that no stacking faults were formed in the surface single-crystal silicon layer. 

. [Experimental example using manufacturing method shown in Figs. 3A to 3D] 

(1) SOI substrate manufacturing step: SIMOX substrates manufactured following the same procedure as in the 
experimental example using the manufacturing method shown in Figs. 1 A to 1 D were used. 

(2) Hydrogen annealing step: the SIMOX substrates were loaded onto a silicon carbide susceptor in a hydrogen 
treatment furnace at room temperature. Thereafter, the temperature was raised to 1,100°C : and the substrates 
were annealed by holding them in a hydrogen atmosphere for 30 min. 

(3) Sacrificial oxidation step: The same vertical electric furnace as used in the sacrificial oxidation in the manufac- 
turing method shown in Figs. 1 A to 1D was used to perform sacrificial oxidation under the same conditions. The 
film thickness of surface thermal oxide layers 11 and 12 was 237 nm, and the film thickness of a residual surface 
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single-crystal silicon layer 4 was 60 nm. 

(4) Oxide layer removal step: The surface thermal oxide layers 11 and 1 2 were removed by us.ng a solution mixture 
of ammonium fluoride and hydrofluoric acid or a dilute solution of hydrofluoric acid. 

(5) Stacking faults: The presence/absence of stacking faults in the surface smgle-crysta silicon layer 4 of the SOI 
substrates manufactured by the manufacturing method shown in Figs. 3A to 3D was evalu 

procedure as in the experimental example using the manulacturing method shown in Figs. 1A to 1D. The results 
are shown in Table 1. For comparison, Table 1 also shows the stacking fault density in a surface single-crystal 
silicon layer 4 of a substrate manulactured by the same manufacturing steps except that only hydrogen annealing 
was not performed. 

As can be seen from Table 1 , when the present invention was applied, it was possible to reduce the number of 
stacking fautts in the surface single-crystal silicon layer 4 to about 1/10 of the conventional vahie when hydrogen 
annealing was performed at 1 ,000'C for 30 min, and to about 1/30 the conventional value 

was performed at 1 ,100"C for 30 min. Furthermore, when hydrogen annealing was performed at 1 ,100 C for 120 m.n, 
it was possible to almost completely prevent the occurrence of stacking faults. It was confirmed by analysis using an 
atomic force microscope that the degree of unevenness of the surface single-crysta. silicon layer v«s imp oved by 
about 20% by hydrogen annealing. On the other hand, when hydrogen annealing was performed at 900»C for 30 mm, 
thestackingfault density was 500 to BOOfaults/cm* That is, at 900-C or lower, almost no stacking fautt density reducing 
effect of hydrogen annealing was found. 



Table 1 



Hydrogen annealing 


Stacking fault density (faults/cm 2 ) 


Not performed 


600 to 1 ,000 


Performed (900°C, 30 min) 


500 to 800 


Performed (1 ,000°C, 30 min) 


60 to 110 


Performed (1 ,050°C, 30 min) 


50 to 90 


Performed (1,100°C, 30 min) 


20 to 40 


Performed (1,100°C, 120 min) 


<20 



40 



45 



SO 



55 



[Experimental example using manufacturing method shown in Figs. 4A to 4D] 

(1) SOI substrate manufacturing step: SIMOX substrates manufactured following the same procedure as in the 
experimental example using the manufacturing method shown in Figs. 1 A to 1 D were used. 

(2) First sacrificial oxidation step: A vertical electric furnace having a silicon carb.de susceptor and a furnace ^ody 
was used, and the SOI substrates were loaded into this oxidation furnace at 850°C. The temperature in the furnace 
including the SOI substrates was raised to 1 ,350-C. and the substrates were oxidized in an atmosphere containing 
about 70% of oxygen and about 30% of argon for about 3 hr. After the oxidation the temperature in the umace 
was lowered to 850°C, and the substrates were removed from the furnace. The film thickness of surface thermal 

^^S^nTslcSafox^at^srp: The same vertical electric furnace as used in the sacrifi <**g™™* *J 
manufacturing method shown in Figs. IA to 1D was used to perform sacrrtic.al ox.dat.on at 1 100<"C for about 12 
hr. The film thickness of the surface therma. oxide layers 11 and 1 2 was 640 nm, and the film thickness of a residua, 
surface single-crystal silicon layer 4 was 62 nm. Note that the maximum value of the ox.dat.on rate of thesurtece 
single-crystal silicon layer 4 could be decreased by not less than one order of magnitude compared to that when 
the first sacrificial oxidation was not performed. e „,. rtion mivtl , rP 

(4) Oxide layer removal step: The surface thermal oxide layers 11 and 1 2 were removed by us.ng a solution mixture 
of ammonium fluoride and hydrofluoric acid or a dilute solution of hydrofluoric acid. 

(5) Stacking faults: The presence/absence of stacking faults in the surface single-crystal silicon layer 4 of the SOI 
substrates manufactured by the manufacturing method shown in Figs. 4A to 4D was evaluated following the same 
procedure as in the experimental example using the manufacturing method shown in Figs. A to 1D_The resul 
was that the stacking fault density was less than 20 faults/** i.e., it was possible to almost completely prevent 
the occurrence of stacking faults. 
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[Experimental example using manufacturing method shown in Figs. 5A to 5D] 

(1) SOI substrate manufacturing step: SIMOX substrates manufactured following the same procedure as in the 
experimental example using the manufacturing method shown in Figs. 1 A to 1 D were used. 

(2) Oxide layer deposition: A silicon oxide layer 13 about 400 nm thick was deposited at 730°C on the SIMOX 
substrates by using a low-pressure chemical-vapor-deposition furnace. 

(3) Sacrificial oxidation step: The same vertical electric furnace as used in the sacrificial oxidation in the manufac- 
turing method shown in Figs. 1 A to 1 D was used to perform sacrificial oxidation at 1 , 1 00° C for about 1 2 nr. 

(4) Oxide layer removal step: A surface thermal oxide layer 1 2 and a silicon oxide layer 1 4 were removed by using 
a solution mixture of ammonium fluoride and hydrofluoric acid or a dilute solution of hydrofluoric acid. 

(5) Stacking faults: The presence/absence of stacking faults in the surface single-crystal silicon layer 4 of the SOI 
substrates manufactured by the manufacturing method shown in Figs. 5A to 5D was evaluated following the same 
procedure as in the experimental example using the manufacturing method shown in Figs. 1A to 1D. The result 
was that the stacking fault density was less than 20 faults/cm 2 , i.e., it was possible to almost completely prevent 
the occurrence of stacking faults. Note that the present invention has the advantage that no special high-temper- 
ature annealing furnace is required in the sacrificial oxidation step. 



As has been described above, when the SOI substrate manufacturing method according to the present invention 
is used, it is possible to eliminate stacking faults formed when sacrificial oxidation is performed and thereby largely 
reduce the source-drain leakage current of an MOS transistor formed in a single-crystal silicon layer on an oxide layer. 



Claims 



1 . A method of manufacturing an SOI substrate, comprising the steps of using an SOI substrate having a first single- 
crystal silicon layer (1), an insulating layer (2) formed on said first single-crystal silicon layer (1), and a second 
single-crystal silicon layer (4) formed on said insulating layer (2), thermally oxidizing a surface of said second 
single-crystal silicon layer (4), and controlling said second single-crystal silicon layer (4) to have a predetermined 
thickness by removing the thermally oxidized silicon, 

characterized in that the step of controlling said second single-crystal silicon layer (4) to have a predetermined 
thickness comprises the step of eliminating, by annealing, stacking faults formed by the thermal oxidation. 

2. A method according to claim 1 , wherein the elimination step is executed after the thermal oxidation step. 

3. A method according to claim 2, wherein the elimination step is performed in an atmosphere containing an inert 
gas as a main constituent within a temperature range of not less than 1,230°C to a temperature lower than a 
melting point of silicon. 



4. A method according toclaim 1 , wherein the elimination step is included in the thermal oxidation step and performed 
in an atmosphere containing dry oxygen as a main constituent within a temperature range of not less than 1 ,230°C 
to a temperature lower than a melting point of silicon. 



5. A method according to claim 1 , wherein the elimination step is included in the thermal oxidation step and performed 
in an atmosphere containing water vapor as a main constituent within a temperature range of not less than 1 ,300°C 

45 to a temperature lower than a melting point of silicon. 

6. A method according to claim 1 , wherein the elimination step is performed in an atmosphere in which oxygen and 
hydrogen are burned within a temperature range of not less than 1 ,300°C to a temperature lower than a melting 
point of silicon. 

so 

7. A method according to claim 1 , wherein the elimination step is executed before the thermal oxidation step in an 
atmosphere containing hydrogen as a main constituent within a temperature range of not less than 1,000°C to a 
temperature lower than a melting point of silicon. 

55 8. A method according to claim 1 , wherein the elimination step comprises an additional thermal oxidation step after 
the thermal oxidation step. 



9. A method according to claim 8, wherein the additional thermal oxidation step is performed in an atmosphere con- 
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taining dry oxygen as a main constituent at a temperature tower than 1 ,230°C. 

10. A method according to claim 8, wherein the additional thermal oxidation step is performed in an atmosphere con- 
taining water vapor as a main constituent at a temperature lower than 1 ,300°C. 

11. A method according to claim 8, wherein the additional thermal oxidation step is performed in an atmosphere in 
which oxygen and hydrogen are burned at a temperature lower than 1,300°C. 

12. A method according to claim 1, wherein the elimination step is the step of depositing a silicon oxide layer (13), 
io which is executed before the thermal oxidation step. 
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(54) Method of manufacturing SOI substrate 



(57) A method of manufacturing an SOI substrate 
uses an SOI substrate having a first single-crystal silicon 
layer, an insulating layer formed on the first single-crys- 
tal silicon layer, and a second single-crystal silicon layer 
formed on the insulating layer. The surface of the sec- 
ond single-crystal silicon layer is thermally oxidized. The 



second single-crystal silicon layer is controlled to have 
a predetermined thickness by removing the thermally 
oxidized surface. This step of controlling the second sin- 
gle-crystal silicon layer to have a predetermined thick- 
ness includes the step of eliminating, by annealing, a 
stacking fault formed by the thermal oxidation. 
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